A complex signaling network involving voltage-gated potassium channels from the Shaker family contributes to the regulation of stomatal aperture. Several kinases and phosphatases have been shown to be crucial for ABA-dependent regulation of the ion transporters. To date, the Ca 2+ -dependent regulation of Shaker channels by Ca 2+ -dependent protein kinases (CPKs) is still elusive. A functional screen in Xenopus oocytes was launched to identify such CPKs able to regulate the three main guard cell Shaker channels KAT1, KAT2, and GORK. Seven guard cell CPKs were tested and multiple CPK/Shaker couples were identified. Further work on CPK33 indicates that GORK activity is enhanced by CPK33 and unaffected by a nonfunctional CPK33 (CPK33-K102M). Furthermore, Ca 2+ -induced stomatal closure is impaired in two cpk33 mutant plants.
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Under environmental stresses such as drought, stomatal movements function to limit water loss and prevent plant dehydration. Stomatal movements require the activation of several ion channels located on the membrane. The resulting ionic fluxes constitute an essential driving force for turgor changes in guard cells and contribute to stomatal opening or closing. In the last 20 years, many efforts have been made to identify the genes coding for the anion and cation transporters involved: the number of the identified transporters has increased consequently, drawing a complex relationship between the different transporters roles in stomatal opening/closing regulation [1] .
The role of the stress hormone abscisic acid (ABA) is well known in the triggering of stomatal closure. The perception of ABA by PYR/PYL/RCAR receptors in guard cells activates cascade of signaling events Abbreviations ABA, abscisic acid; CBL, Calcineurin B-like; CIPK, CBL-interacting protein kinase; CPK, calcium-dependent protein kinase; ROS, reactive oxygen species; TEVC, two-electrode voltage clamp.
to regulate important transporters promoting stomatal closure. Among them, the slow anion channels SLAC1 and SLAC homolog SLAH3 have been identified and characterized, increasing our knowledge in guard cell signaling [2] [3] [4] . SLAC1 channel is involved in the release of Cl -from guard cells and the loss of SLAC1 in mutant plants results in impaired response to multiple stresses such as CO 2 and ozone [4] [5] [6] . Its activation through ABA or cytosolic Ca 2+ signal has been described to play an essential role in the initiation of membrane depolarization leading to stomatal closure [4] . Membrane depolarization inactivates the inwardrectifying voltage-gated K + Shaker channels KAT1 and KAT2, and activates the outward-rectifying voltage-gated K + Shaker channel GORK [7] [8] [9] . In contrast, membrane hyperpolarization by P-type proton pump (AHA) activates KAT1 and KAT2 channels and inactivates GORK channels. Constitutive activation of the AHA1 H + -ATPase in the OST2 mutant results in impaired ABA-induced stomatal closure [10] .
Key regulators of stomatal movement that act directly on guard cell ion channels have been identified. Characterization of ABA-insensitive mutants, abi1 and abi2, demonstrates that type 2C Protein Phosphatases (PP2C), ABI1 and ABI2, are involved in ABA sensing and signaling [11] [12] [13] [14] . Recently, the inhibition of GORK channel activity by another PP2C, AtPP2CA, has been demonstrated [15] . Identification of ost1, a mutant impaired in stomatal closure highlights the role of OST1 kinase activity [16] in ABA sensing and SLAC1 activation by phosphorylation [3, 4, 17, 18] . OST1 targets other membrane proteins such as NADPH oxidase genes (AtRBOH) involved in reactive oxygen species (ROS) production under ABA [19, 20] [17, 18, 31] . All of these results highlight that reversible phosphorylations are important molecular regulation processes of transporter activities to fine-tune stomatal opening/closing for plant adaptation against various environmental stress conditions. Shaker channels were also reported to be regulated by phosphorylation in a Ca 2+ -dependent manner. The CBL-interacting protein kinase (CIPK) activated by specific CBLs was shown to regulate K + uptake and distribution in plant. Indeed, the CBL1/9-CIPK23 and CBL4-CIPK6 complexes activate the Shaker channels AKT1 and AKT2, respectively [32] [33] [34] . KAT1 phosphorylation and inhibition by CPK in Xenopus laevis oocytes have been reported [35, 36] suggesting that CPKs might also be potential regulators of these Shaker channels. Recent work on CPK13 showing its inhibiting effect on the two shaker channel subunits KAT1 and KAT2, reveals that this regulation is Ca 2+ independent [37] . The Ca 2+ -dependent regulation of Shaker channels remains uncovered.
Among the 34 genes encoding for CPKs in Arabidopsis thaliana, some are expressed in guard cells. Transcriptomic and proteomic approaches have identified CPK3, 4, 6, 7, 11, 13, and 33 as expressed in guard cells [38, 39] . Reports on the CPKs' function in guard cells show that CPK3, CPK4, CPK6, CPK11, and CPK33 are involved in stomatal opening [40] [41] [42] . The single and double cpk3/cpk6 mutants were altered in the Ca 2+ activation of slow anion channels in guard cells [41] . In addition, the ABA-induced Ca 2+ signal was abolished in the double cpk3/cpk6 mutant. Imposition of Ca 2+ signal by depolarization/hyperpolarization buffer demonstrates that CPK3 and CPK6 are involved in the rapid Ca 2+ signaling but not in the long-lasting, Ca 2+ -programmed stomatal closure [41] . Further works on CPK6 have demonstrated that CPK6 targets the SLAC1 channel [17, 18, 31] . CPK4 and CPK11 were shown to target transcription factors ABF1 and ABF4. The cpk4 and cpk11 mutant plants were impaired in ABA-responsive gene expression suggesting both are positive regulators involved in the Ca 2+ -dependent ABA signaling [42] . The CPK33 function in stomatal movements was recently shown [40] . Indeed, cpk33 mutant displays strong ABA-induced anionic currents. The cpk33 mutant is hypersensitive to ABA suggesting that CPK33 is a negative regulator of ABA signaling.
Although 
Materials and methods

Plant mutants
The two cpk33 mutant lines (AT1G50700) and gork mutant line (AT5G37500) were ordered from NASC stock center. The cpk33-1 (N662625), cpk33-2 (N662099), gork (N483009), and wild-type were Col-0 background. Seeds were sterilized with a solution of bleach/EtOH (0.3%/50%) for 10 min and washed three times with sterile water. Seeds were sown on half Murashige and Skoog (MS) medium (Agar 0.7%) and stratified at 4°C during 2 days in the dark. 
Expression in Xenopus oocytes and electrophysiological recordings
CPK3, 4, 6, 7, 11, 13, and 33 coding regions were amplified by PCR and introduced in pDONR207 TM Gateway entry vector by BP cloning TM following manufacturer's recommendations (Life Technologies, Carlsbad, CA, USA). The recombinant pDONR207 constructs were then transferred in pGEM-GWC vector, under the control of T7 promoter for heterologous expression in Xenopus oocyte. pGEM-GWC-CPK33-K102M was obtained by LR recombination reaction with pGEM-GWC Gateway vector from pDONR207-CPK33-K102M (see below for obtention of pDONR207-CPK33-K102M). The coding region of KAT1, KAT2, GORK, and AKT2 were cloned using restriction enzymes into a modified pGEMHE vector also under the control of T7 promoter (gift from D. Becker, Department of Molecular Plant Physiology and Biophysics, W€ urzburg, Germany). In vitro transcriptions were performed using the mMESSAGE mMACHINE T7 Ultra Kit TM following manufacturer's recommendations (Life Technologies).
Oocyte preparation, injection, and TEVC measurements were performed as described in [43, 44] . Xenopus oocyte were injected either with 25 ng of GORK or AKT2 or a mix of KAT1 + KAT2 + GORK cRNA and 25 ng of CPK3, 4, 6, 7, 11, 13, 33, or 33-K102M cRNAs. CPK33 alone (25 ng cRNAs) was also injected for the control. After injection, oocytes were incubated for 48 h at 20°C in ND96 medium containing 96 mM NaCl, 2 mM KCl, 1.8 mM, CaCl 2 , 2 mM MgCl 2 , 2.5 mM Na-pyruvate, 5 mM Hepes-NaOH (pH 7.5), and 50 lgÁmL À1 of gentamycin before recording. Whole-cell current were recorded using TEVC technique with the voltage clamp protocol indicated in the figure legend. The bath solution contained 10 mM KCl, 90 mM NaCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 10 mM Hepes-NaOH (pH 7.5). Voltagepulse protocol application, data acquisition, and data analyses were performed using pClamp9 (Molecular Devices, Sunnyvale, CA, USA) and Sigmaplot (Jandel Scientific, Erkrath, Germany).
Production of recombinant proteins and kinase assays
Autoinhibitory and calmodulin domains (337-521) in Cterminal part of CPK33 were deleted to generate Ca 2+ -independent and constitutive active kinase (CPK33-DCA). Deleted form of CPK33 (CPK33-DCA) was obtained by amplification by PCR from pDONR207-CPK33 with primers FW (5 0 -GGAGATAGAACCATGGGGAATTGCT TAGCCAAGA-3 0 ) and RV (5 0 -TCCACCTCCGGATCA TTCTCCACCTTCTCTTAGC-3 0 ) and then introduced into pDONR207 TM Gateway entry vector by BP cloning TM following manufacturer's recommendations (Life Technologies). Point mutation was generated to abolish the kinase activity as described in Boudsocq et al. [45] . CPK33-K102M point mutation (dead kinase) was generated with the Stratagene QuickChange Site-directed Mutagenesis kit. Briefly, the pDONR207-CPK33 plasmid was amplified using FW (5 0 -AGATTCGCTTGCATGTCGATTTCCAAG AAGA-3 0 ) and RV (5 0 -TCTAAGCGAACGTACAGCTA AAGGTTCTTCT-3 0 ) primers containing the K102M mutation and amplified plasmids were digested by DpnI that digest only the original nonmutated plasmid. The three plasmids pDONR207-CPK33, pDONR207-CPK33-K102M, and pDONR207-CPK33-DCA were used for LR recombination reaction with pDEST15 Gateway vector. The recombinant proteins CPK33, CPK33-K102M, and CPK33-DCA were obtained as described in Ronzier et al. [37] . Briefly, rosetta Ò Escherichia coli strains were transformed with pDEST15-CPK33, pDEST15-CPK33-K102M, or pDEST15-CPK33-DCA plasmids that allow the production of recombinant CPK33, CPK33-K102M, and CPK33-DCA proteins upon induction by IPTG . 
Porometer measurement
Recordings of stomatal conductance were performed on 4-week-old plants with a porometer (AP4 Leaf porometer, Delta-T Devices). WT, cpk33 mutant (cpk33-1 and cpk33-2), and gork KO plants were grown in chamber at 22°C with 70% relative humidity, in short-day conditions (250 lmolÁm À ²Ás À1 light for 8 h a day). The porometer was calibrated in growth chamber before measurements and stomatal conductances were recorded after light onset at 9:00 am every 2 h until 5:00 pm. Six mature leaves were measured per genotype (all made as blind).
Stomatal aperture measurement
Stomatal aperture was measured from epidermal strips of abaxial leaf faces of 4-week-old plants. Epidermal strips were incubated in buffer (50 mM KCl, 10 mM MES-KOH pH 6.0) under white light (250 lmolÁm À2 Ás À1 ) during 3 h to open stomata. Epidermal peels were then placed on buffer with or without 5 mM CaCl 2 for 3 h under light. Pictures of epidermal strips were taken with an optical microscope (Optiphot; Nikon, Tokyo, Japan) and stomatal apertures were measured with IMAGEJ freeware [46] . All the experiments were performed as blind.
Stomatal index
Stomatal index was estimated from the epidermal strips of abaxial leaf faces as described below. To identify kinases involved in guard cell physiology, we have launched a functional screen in Xenopus oocytes designed to identify which Ca 2+ -dependent protein kinases (CPKs) targets the guard cell Shaker channels, KAT1, KAT2, and GORK. This functional screen was carried out in Xenopus oocytes using TEVC. Currents were recorded in bath solutions containing 10 mM of KCl using standard voltage clamp protocol designed to scan a large voltage range, from +40 to À170 mV (Fig. 1A) . A representative 'reference' oocyte expressing the three major guard cell K + channels is shown in the Fig. 1B . Because our goal was to identify a guard cell physiological process, we used publicly available data to identify CPKs that are expressed in guard cells [38, 39] revealing that among the 34 CPKs, at least 7 are expressed in guard cells (CPK3, 4, 6, 7, 11, 13, and 33). Oocytes expressing these seven CPKs challenged with the protocol presented in Fig. 1A , display currents similar to control water-injected oocytes (data not shown). These CPKs were independently coexpressed with the three Shaker channel subunits KAT1, KAT2, and GORK in oocytes (Fig. 1C-I ). This screening led to classify these CPKs in four different categories: (a) CPK that does not regulate inward and outward K + currents (CPK4), (b) CPKs affecting both inward and outward K + currents (CPK3, 6, 7, 13), (c) CPK modifying only inward K + currents (CPK11), and (d) CPK activating only outward K + currents (CPK33).
To determine the effect of CPKs on Shaker channel in oocytes, we have quantified the inward and outward currents in 'reference' (KAT1-KAT2-GORK) and coexpressing oocytes (Shaker + CPK). The corresponding current-voltage (I/V) curves are presented in Fig. 2A . Expression of the three Shaker subunits induces K + influx (KAT1 and KAT2 activities, Fig. 2A black circles) at hyperpolarized membrane potentials and K + efflux by GORK ( Fig. 2A black circles) at depolarized membrane potentials. Quantitation of K + currents was performed at +40 mV (Fig. 2B ) and À155 mV (Fig. 2C) .
CPK33 is the only CPK tested that specifically targets the outwardly rectifying K + channel subunit GORK, all the other CPKs which have an effect of GORK also regulate the activity of the inwardly rectifying K + channels.
CPK33 stimulates GORK channel activity
To further confirm GORK activation by CPK33, we have coexpressed CPK33 with only GORK in Xenopus oocyte. Typical recordings obtained in oocytes expressing the GORK subunit, GORK with CPK33 are shown in the Fig. 3A . Coexpression of GORK with CPK33 increased outward-rectifying K + current (Fig. 3A) . Average I/V plots show that CPK33 increases GORK current by twofold (Fig. 3B) . Dead kinase mutant of CPK33 (CPK33-K102M) was generated by mutagenesis (see Materials and Methods). This mutant has no kinase activity (Fig. 4A) . Coexpression of CPK33-K102M with GORK in Xenopus oocyte does not change the K + current (Fig. 3A,B) . To confirm the specificity of CPK33 on GORK, we coexpressed CPK33 with another guard cell Shaker subunit channel AKT2 (Fig. 3C) . The average I/V plots show that CPK33 did not change AKT2 K + currents in oocytes suggesting GORK is selectively targeted by CPK33.
It was demonstrated that CPKs display different sensitivities toward Ca 2+ [48] . In vitro CPK33 kinase activity was assessed in the absence (EGTA) or in the presence of 10 lM free Ca 2+ . In the presence of Ca 2+ , CPK33 kinase activity is increased by 2.5-fold (Fig. 4A) . Deletion of autoinhibitory and Ca 2+ -binding domain (CPK33-DCA), confirmed that fold changed of CPK33 basal activity is dependent of the conformational change induced by Ca 2+ binding to the calmodulin domain (Fig. 4A) . The CPK33-DCA activity in the absence or presence of Ca 2+ is similar (Fig. 4A) .
The cpk33 knock-out mutant is impaired in Ca 2+ -induced stomatal closure
Guard cells outward potassium channel activity is known to be involved in ion fluxes regulating the stomatal aperture and consequently in stomatal conductance [9] . As outwardly rectifying K + channels are preliminarily involved in stomatal closure, the role of CPK33 in this process was investigated. We have isolated two homozygous knock-out mutant lines (cpk33-1 and cpk33-2) in which no full-length CPK33 transcripts could be detected (Fig. S1) .
To investigate the role of CPK33, stomatal conductance experiments were performed during the day on the two mutant cpk33 lines and the wild-type. The results show that the two mutants displayed delay in stomatal closure at 3:00 pm (Fig. 4B) . Further analyses show that there is no difference in the stomatal index (Fig. 4C ). All these results indicate that stomata physiology is affected in the two mutant plants. This -induced stomatal closure of wild-type and cpk33 mutants. Data are means AE SE. *Indicated significant result P < 0.05. Kinase assays: n = 3 independent experiments. Stomatal conductance: n = 6 leaves for each genotype in two independent experiments. Stomata index: n = 18. Stomatal aperture: n > 73 in three independent experiments. phenotype is close to the one observed with gork KO mutant (Fig. S2) . Ca 2+ uptake from soil during the day is one of the signals triggering cytosolic Ca 2+ oscillations that contribute to stomatal closure [29] . Moreover, the application of the Ca 2+ solution is known to trigger cytosolic Ca 2+ signals promoting stomatal closure [29, 30] . Opened stomata under light were incubated in solution with or without Ca 2+ , and stomatal apertures were measured after 3 h. The aperture for wild-type, cpk33-1, and cpk33-2 without Ca 2+ were similar (around 2.4 lm). In the presence of Ca 2+ , the stomatal aperture decreased significantly only for the wild-type (around 1.5 lm), whereas the aperture of the two cpk33 mutants did not change (Fig. 4D) . This demonstrates that promotion of the stomatal closure by external Ca 2+ was impaired in the two mutant cpk33 plants.
Discussion
We have designed a functional screen to identify regulators of the main guard cells' plasma membrane K + conductance by coexpressing inward and outward Shaker channel subunits. Using database mining, we have identified seven CPKs (3, 4, 6, 7, 11, 13, and 33) expressed in guard cells. Each one was tested in our functional screen. Based on their effects on Shaker channels, the tested CPKs could be divided into four different types: (a) no regulation of inward and outward K + currents (CPK4), (b) CPKs affecting both inward and outward K + currents (CPK3, 6, 7, 13), (c) CPK modifying only inward K + currents (CPK11), and (d) CPK activating only outward K + currents (CPK33). Most of them (six of seven) target at least one of the three Shaker subunits. We could identify kinases that have positive or negative effect on both outward and inward currents (Fig. 2B,C) . Several CPK consensus phosphorylation motifs have been proposed [49] , but to date, there are still few substrates identified indicating that identification of CPK targets is still elusive by in silico approach. Nonetheless, several CPK-Shaker couples were identified here using a functional approach suggesting that CPKs are good candidates to regulate Shaker channels in planta.
The only CPK known to target Shaker channels in guard cells is CPK13 that has been previously studied in detail on inward currents [37] . CPK13 harbors a Ca 2+ -independent kinase activity and is able to phosphorylate KAT1 and KAT2. Both KAT1 and KAT2 activities are inhibited by CPK13 causing impaired stomatal opening in the CPK13 overexpressor lines [37] .
If one CPK could target several channels, different CPKs could target the same transporter or protein. A recent work on florigen complex formation demonstrated that CPK4, CPK6, and CPK33 are able to phosphorylate a bZIP transcription factor [50] . The anion channel SLAC1 is regulated thought phosphorylation by CPK6, CPK21, and CPK23 [17, 18, 31] . However, inhibition and stimulation must be related to the phosphorylation of different residues or a combination of phosphorylation of multiple residues.
CPK11 has been found to stimulate only inward K + currents. CPK11 phosphorylates two transcription factors ABF1 and ABF4 [42] . CPK11 and CPK4 share the same substrates and display redundant function in ABA-dependent gene expression [42] . CPK11 function is thought to be more dedicated to gene expression regulation under ABA signal [42] . However, its localization in both cytosol and nucleus compartment suggests that it might target Shaker channels on the plasma membrane.
CPK33 is the only CPK tested found to stimulate only outward-rectifying K + currents. Coexpression of CPK33 and GORK in oocytes confirmed that CPK33 is still able to stimulate by a twofold change in the activity of GORK in oocytes, whereas the dead kinase mutant CPK33-K102M was not, indicating that this regulation occurs probably in a phosphorylationdependent manner. The CPK33 role in stomatal movement was evaluated on stomatal conductance in intact leaves. Stomatal closure is delayed in normal conditions suggesting CPK33 involvement in stomatal aperture regulation. CPK33 is a typical Ca 2+ -dependent kinase as shown in Fig. 4A . This means that CPK33 activity requires cytosolic Ca 2+ increase. Ca 2+ uptake from soil during the day was shown to be integrated as stomatal closure signal. Fluctuations of external Ca 2+ are sensed by the CAlcium Sensing receptor (AtCAS) which induces cytosolic Ca 2+ signals [29] . Indeed, cytosolic Ca 2+ oscillations are synchronized to extracellular Ca 2+ fluctuations [29] . Extracellular oscillations of Ca 2+ reach their maximum after 6 h of light exposition [29] . At this high external Ca 2+ condition, the cytosolic Ca 2+ released was observed. Moreover, external Ca 2+ application on stomata was sufficient to mimic cytosolic Ca 2+ oscillations [29] . It could be possible that in the absence of a Ca 2+ signaling component such as CPK33, stomatal closure is delayed in the diurnal cycle as shown in Fig. 4B . The stomatal conductance is significantly different at 3:00 pm between the wild-type and the two cpk33 mutant plants. This difference is not due to stomatal density (Fig. 4C) . The stomatal closure induced by Ca 2+ application was impaired in the cpk33 mutants. Our data show that CPK33 acts as positive regulator of GORK channel that promotes stomatal closure in unstressed conditions (without ABA) and related to stomatal closure in the diurnal cycle. Ca 2+ -dependent and Ca 2+ -independent signaling are both involved in ABA-induced stomatal closure [51] . External Ca 2+ is then more dedicated to activation of such Ca 2+ sensor-responders like CPKs. However, CPK33 has been reported as a negative regulator of stomatal closure under ABA application [40] . Loss of function of CPK33 enhances ABA-induced anion currents, whereas overexpression of CPK33 inhibits ABA-induced anion currents [40] . CPK33 has an opposite effect on anion current regulation in guard cells compared to CPK6, CPK21, and CPK23 [17, 18, 31] . However, Thiamine thiazole synthase, THI1, interacts with CPK33 to suppress its kinase activity [40] . Indeed, the overexpression of THI1 is sufficient to inhibit anion currents [40] . It seems clear that THI1 is a novel regulatory component of CPK activity that contributes to regulate CPK33 in stomata.
SLAC1 and GORK channels both contribute to stomatal closure. Activation of SLAC1 by several CPKs was reported to promote stomatal closure [17, 18, 31] . Our result is consistent with the role of other CPKs in stomatal closure. The stimulation of GORK channel activity by CPK33 results in faster stomatal closure as shown in the Fig. 4B . The absence of CPK33 delays stomatal closure at the end of the day.
Conclusion
Modification of Shaker channel activities by phosphorylation, which contributes to increasing or decreasing K + currents, is one of the fine-tuned regulations of stomatal movement. Identification of such regulators is challenging and remains elusive for some Shaker channels. Our functional screening on guard cell Shaker channel subunits KAT1, KAT2, and GORK has identified several candidate CPKs, which inhibit or stimulate inward and outward-rectifying K + currents in oocytes. Several couples of CPK-Shaker have been identified by this approach. The investigation on the regulation of stomatal movement by Ca 2+ shows that cpk33 mutants are delayed in stomatal closure. We have shown that CPK33 is able to stimulate GORK channel activity, suggesting that the adaptation of stomatal aperture during the diurnal cycle requires CPK33 for faster stomatal closure. The role of opposite effect of CPK33 on two components of stomatal closing (i.e., anion and potassium channels) should be studied in more detail in future work.
Supporting information
Additional Supporting Information may be found online in the supporting information tab for this article: Fig. S1 . Details of cpk33 mutant plants. Fig. S2 . Stomatal conductances of gork mutant during the day. Fig. S3 . CPK33 recombinant proteins.
